Abstract People often conduct visual searches in which multiple targets are possible (e.g., medical X-rays can contain multiple abnormalities). In this type of search, observers are more likely to miss a second target after having found a first one (a subsequent search miss). Recent evidence has suggested that this effect may be due to a depletion of cognitive resources from tracking the identities and locations of found targets. Given that tracking moving objects is resource-demanding, would finding a moving target further increase the chances of missing a subsequent one? To address this question, we had participants search for one or more targets hidden among distractors. Subsequent search misses were more likely when the targets and distractors moved throughout the display than when they remained stationary. However, when the found targets were highlighted in a unique color, subsequent search misses were no more likely in moving displays. Together, these results suggest that the effect of movement is likely due to the increased cognitive demands of tracking moving targets. Overall, our findings reveal that activities that involve searching for moving targets (e.g., driving) are more susceptible to subsequent search misses than are those that involve searching for stationary targets (e.g., baggage screening).
Visual search is a common activity, in both everyday and professional settings. In most visual search studies, participants must search for a single target among distractors. However, many real-world situations require people to search for multiple targets. For example, any bag that an airport security officer searches can contain multiple prohibited items. In this type of search, observers are more likely to miss a target if they have already found another one than in situations in which only one target is present. This effect, previously known as satisfaction of search, but more recently known as the subsequent search miss (SSM; Adamo, Cain, & Mitroff, 2013) effect, has been extensively studied in the radiology literature (e.g., Tuddenham, 1962) . For example, radiologists are more likely to miss a tumor when they have already found another abnormality in the same radiograph. In professions such as radiology and baggage screening, missing potentially dangerous targets can have severe consequences. Moreover, experience with a specific type of search does not prevent observers from making this type of error-both novice and professional searchers are susceptible to this effect (Biggs, Cain, Clark, Darling, & Mitroff, 2013; Biggs & Mitroff, 2014) .
Researchers initially attributed SSM errors to observers prematurely ending a search after becoming Bsatisfied^with finding a target (Smith, 1967; Tuddenham, 1962) . Indeed, these errors are more likely when observers spend a shorter amount of time searching for additional targets (Adamo, Cain, & Mitroff, 2015a) , although overall search times are usually unaffected by the detection of a first target (Berbaum et al., 1991; Berbaum, Franklin, Caldwell, & Schartz, 2010; Fleck, Samei, & Mitroff, 2010) . More recently, SSM errors have been attributed to the depletion of cognitive resources associated with finding a first target (Berbaum et al., 1991; . For example, SSM errors may arise from the depletion of both attentional resources (SSM errors are correlated with failures of selective attention, such as the attentional blink, and are more common in crowded search displays; Adamo, Cain, & Mitroff, 2013 , 2015b and working memory resources (SSM errors are more likely when the locations of found targets must be remembered; . In the latter case, simply removing found targets or highlighting them in a unique color greatly reduces the SSM effect.
Although nearly all studies of SSM errors involve static search displays, visual search in real-world situations is often more dynamic. For example, police officers must often search for multiple suspects in a crowd, while drivers must constantly scan the road for pedestrians and other hazards. If the resource depletion account is correct, these situations may be more susceptible to SSM errors than static search conditions. As a number of studies have indicated, tracking moving objects requires attention and working memory resources (Allen, McGeorge, Pearson, & Milne, 2004 Tombu & Seiffert, 2008) . If SSM errors arise from tracking found targets, the added demands of tracking moving targets should deplete additional cognitive resources, resulting in a greater likelihood of missing subsequent targets. This outcome would not only support the key predictions of the resource depletion account, but would also have important consequences for many real-world activities. For example, if dynamic search conditions are more susceptible to SSM errors, preventing these errors could reduce the number of causalities in everyday activities such as driving. On the other hand, if tracking moving targets does not increase the likelihood of SSM errors, this would suggest that these errors do not arise from the depletion of cognitive resources. Instead, this outcome would be consistent with other theoretical accounts, which assume that SSM errors are largely driven by perceptual differences among the targets (Berbaum et al., 1991; Berbaum et al., 1990) .
In two experiments, we assessed whether target movement influences the likelihood of observing SSM errors. In Experiment 1, we compared SSM errors in moving displays, which contained both moving targets and distractors, to stationary displays, which contained both stationary targets and distractors. In Experiment 2, we highlighted found targets in a unique color, thereby reducing the difficulty of tracking them. This allowed us to assess whether any differences in the rate of SSM errors were due to the added demands of tracking found targets.
Experiment 1
If tracking found targets depletes cognitive resources, the added demands of tracking moving targets should deplete additional resources, resulting in an increased rate of SSM errors (Berbaum et al., 1991; . In Experiment 1, we tested this hypothesis by having participants search moving or stationary displays. If SSM errors arise from the depletion of cognitive resources, these errors should be more likely to occur in moving search displays.
Method
The materials, analyses, and data from Experiment 1 are available on the Open Science Framework (https://osf.io/srvja/).
Participants Participants were from the United States and were recruited and tested online using Amazon Mechanical Turk (MTurk). To participate, participants needed an MTurk approval rating of at least 95% and a device with a keyboard. Data were collected from a total of 105 participants 1 ; however, data from 11 participants were excluded for one or more of the reasons listed in Table 1 . Of the remaining 94 participants, 42 searched moving displays (28 females, 14 males; median age = 31.50 years, IQR = 9.48), and 52 searched stationary displays (40 females, 12 males; median age = 38.50 years, IQR = 12.53).
Materials and procedure Participants completed the experiment on their own computers. The visual search task was programmed in JavaScript, and the surveys were programmed in HTML/CSS.
Participants first completed a visual search task that was based on the task used by Fleck et al. (2010; see Fig. 1) . In this task, participants viewed displays of 20 black objects on a white background (726 × 546 pixels). Of these 20 objects, one, two, or three were upright perfect black Ts (targets), while the remaining 19, 18, or 17 were upright imperfect black Ts (distractors).
2 Imperfect Ts were created by offsetting the vertical bar of the T 15, 12, 9, or 6 pixels to the left or right of center. Each item subtended 37 × 37 pixels. In the moving displays, these objects moved along linear trajectories at 60 pixels/s, bouncing off the edges of the display and each other when they came within a distance of 19 pixels. In the stationary displays, the objects did not move, but were spaced at least 19 pixels away from each other. Participants searched for and clicked on perfect Ts (any clicked object turned yellow for 200 ms before turning back to black). Each trial lasted for a maximum of 15 s, although participants could end a trial early by pressing a BDone^button located below the display. If participants ran out of time, they were shown a message that encouraged them to search faster on future trials. Participants completed a total of 70 trials, with the first ten trials being practice with feedback (number of perfect Ts found out of the total number in the display, and the false positive rate). Participants received no feedback on their performance for the remaining 60 trials. Ten percent of trials contained three perfect Ts, 30% contained two perfect Ts, and the remaining 60% of trials contained only one perfect T. We chose this target distribution to bias participants' expectations for a low number of targets. Similar distributions have produced pronounced SSM effects in previous studies (e.g., Fleck et al., 2010) . The trials were randomly shuffled for each participant. The ten practice trials always had the same target distribution.
After completing the visual search task, participants completed a survey about the quality of the task, the quality of their vision, and basic demographic information. We also tested whether participants were paying attention to our instructions. On one screen, we asked participants to select the middle item in a list of numbers and remember it for a later test. On the next screen, we asked them to enter the number they had selected on the previous screen. Participants failed this test if they selected an incorrect number on the first screen or entered an incorrect number on the second screen; these participants were excluded from our analyses.
Results
All analyses were conducted in R version 3.3.1 (R Development Core Team, 2016) . Before analyzing the data, we removed trials on which participants never clicked the BDone^button (3.09% of all trials), completed the trial in under 500 ms (0.62%), or clicked on a distractor or alreadyclicked target (6.54%). The percentages of acceptable trials for each target condition in which zero, one, or two targets were found are provided in Table 2 . For each participant, we calculated accuracy in detecting the remaining target for each target condition by dividing the number of trials on which participants found all targets by the total number of trials on which the participant found at least X-1 targets, with X being the number of targets in the trial (see Fig. 2a ). We then submitted these accuracies to a linear mixed-effects model with Display Type (moving vs. stationary) and Number of Targets in a Trial (1 vs. 2) entered as factors. Participant ID was used as a random intercept. Because we were only interested in assessing whether SSM errors were affected by target movement, we only report the interactions from this analysis. Information about our main effects is available at https://osf.io/srvja/.
The purpose of Experiment 1 was to determine whether the rate of SSM errors is greater in moving than in stationary search displays. Our results suggest that this was the case. The difference in mean accuracy between one-and twotarget trials was 13.25 percentage points larger in moving than in stationary displays (see Fig. 2b ), F(1, 92) = 10.66, p = .002 (interaction between display type and number of targets: 1 or 2).
3 Importantly, this effect was not due to differences in the time available to find the remaining target; participants were Fig. 1 The visual search task. Experiment 1 trials included up to three targets, and Experiment 2 trials included up to two targets. Targets are circled in red (the circles were not shown in either experiment) 3 For archival purposes, we note that the mean accuracies for the three-target filler trials were a little lower than those for the two-target trials: 55.39% [95% CI: 47.92%, 62.87%] and 35.89% [27.57%, 44.22%] for stationary and dynamic three-target displays, respectively. The one-versus three-target (15.57%), F(1, 90) = 6.44, p = .013, but not the two-versus three-target (2.31%), F(1, 90) = 0.12, p = .731, mean accuracy difference was greater in moving than in stationary displays. Participants could be excluded for multiple reasons no slower at finding the first target in moving (M = 3,267 ms, SD = 733.23) than in stationary (M = 3,361.51 ms, SD = 882.62) displays, t(92) = 0.56, p = .580.
Discussion
As the results of Experiment 1 indicate, SSM errors were more likely when observers searched for moving rather than stationary targets. While participants were more likely to miss a subsequent target after finding another target, this effect was greater when they searched moving rather than stationary displays.
Experiment 2
According to the resource depletion account, any effect of movement on the rate of SSM errors should be due to the additional cognitive demands of tracking moving targets (Berbaum et al., 1991; . In Experiment 2, we tested this hypothesis by highlighting found targets in a unique color, thereby reducing the cognitive resources required to track them Feria, 2012; Makovski & Jiang, 2009) . If the effect of target movement on SSM errors is due to the added demands of tracking moving targets, highlighting the found targets should diminish this effect.
Method
We preregistered our testing plan, stopping rule, and exclusion criteria for Experiment 2 on the Open Science Framework (https://osf.io/srvja/). The materials, analyses, and data for this experiment are also available on this site.
Participants Data were collected from a total of 363 participants on MTurk using the same requirements as in Experiment 1 4 ; however, the data from 38 participants were removed for one or more of the reasons listed in Table 1 . Of the remaining 325 participants, 87 searched moving displays in which found targets were not highlighted (53 females, 34 males; median age = 40 years, IQR = 23), 75 searched stationary displays in which found targets were not highlighted (39 females, 36 males; median age = 36 years, IQR = 18.5), 77 searched moving displays in which found targets were highlighted (40 females, 37 males; median age = 39 years, IQR = 23), and 86 searched stationary displays in which found targets were highlighted (55 females, 31 males; median age = 35 years, IQR = 18).
Materials and procedure
The visual search task and postexperiment surveys were identical to those in Experiment 1, with the following exceptions. First, to increase the number of one-and two-target trials, and to make our experiment more consistent with previous SSM experiments, we did not include any three-target trials (30% of trials contained two targets, and 70% of trials contained one target). Second, participants were also assigned to one of two conditions. In the highlight condition, any clicked targets turned green for the remainder of the trial, while any clicked distractors turned red for 200 ms before turning back to black. In the no-highlight condition, any clicked targets turned green for 200 ms before turning back to black, while any clicked distractors turned red for 200 ms before turning back to black. The reason for temporarily changing the color of found Fig. 2 (a) Mean accuracy for each condition. (b) The SSM rate for each condition (one-target trial mean accuracy -two-target trial mean accuracy). Error bars represent between-participants 95% confidence intervals in both plots targets in the no-highlight condition and distractors in both conditions was to keep feedback consistent across the conditions.
Results
All analyses were conducted in R version 3.3.1 (R Development Core Team, 2016) . Before analyzing the data, we again removed trials on which participants never clicked the BDone^button (8.86% of all trials), completed the trial in under 500 ms (0.01%), or clicked on a distractor or already-found target (7.37%). The percentages of acceptable trials for each target condition on which zero, one, or two targets were found are provided in Table 3 . We calculated accuracy in the same way as in Experiment 1 (see Fig. 3a ). Aside from the added factor of Highlight Condition, the analysis in this experiment was the same as that in Experiment 1. The purpose of Experiment 2 was to determine whether highlighting clicked targets (and thus making object tracking unnecessary) would reduce the effect of target movement on the SSM effect. The results of our analysis suggest that this was the case. When clicked targets were not highlighted, the difference in the rates of SSM errors for moving and stationary displays was 10.08% (cf. 13.25% in Exp. 1; see Fig. 3b ), F(1, 153) = 10.13, p = .002. When clicked targets were highlighted, however, this difference was only 1.13%, F(1, 158) = 0.09, p = .764; three-way interaction: F(1, 311) = 3.34, p = .069. As in Experiment 1, the movement effect did not depend on the amount of time available to find the remaining target, since participants were no slower at finding the first target in moving (M = 3,474.67 ms, SD = 912.61) than in stationary (M = 3,508.37, SD = 848.12) displays, t(317) = 0.34, p = .733.
Discussion
By highlighting found targets in a unique color and thereby reducing the amount of cognitive resources required to track them, we were able to substantially reduce the effect of target movement on SSM errors. This finding provides support for the resource depletion account and suggests that the effect of target movement on SSM errors is due to the added demands of tracking moving targets.
General discussion
When searching displays that contain multiple targets, observers are more likely to miss a subsequent target after finding a first one. This type of error, known as either satisfaction of search or SSM, is pervasive in many real-world situations. Here we replicated this effect under both static and dynamic The SSM rate for each condition (one-target trial mean accuracy -two-target trial mean accuracy). Error bars represent between-participants 95% confidence intervals in both plots search conditions. When searching for a small number of targets among distractors, participants were more likely to miss a target if they had already found another one in the display. More importantly, this effect was greater for moving than for stationary displays. Based on the results of our experiments, this increase in the rate of SSM errors was likely due to the added demands of tracking moving as compared to stationary targets. Overall, our results support key predictions of the resource depletion account. According to this account, any manipulation that increases the demands of tracking found targets should increase the rate of SSM errors. Conversely, any manipulation that decreases these demands should decrease the rate of SSM errors McCarley et al., 2006) . Here we found an increased likelihood of SSM errors when participants searched moving rather than stationary displays. This result is consistent with the resource depletion account, because tracking moving targets requires attention and working memory resources (Allen et al., 2004 (Allen et al., , 2006 Tombu & Seiffert, 2008) . However, when the found targets were highlighted, the likelihood of SSM errors were comparable for moving and stationary displays. Thus, reducing the demands of tracking found targets decreased the effect of movement. It is worth noting that this manipulation did not fully eliminate SSM errors-the rate of these errors was still approximately 30% when found targets were highlighted. Importantly, our results also suggest that activities that involve tracking moving objects may be more susceptible to SSM errors. This is concerning, because many dangerous real-world activities involve searching for moving targets under cognitive load. For example, drivers must scan the road for pedestrians, animals, and approaching vehicles, all while controlling their own vehicle. Drivers may also search for these targets while conducting ill-advised activities such as talking or texting on a cell phone-activities that further reduce the probability of spotting a hazard (Strayer, Drews, & Johnston, 2003) . Recent evidence has shown that SSM errors are possible when traffic is at a standstill (Sall & Feng, 2016) . Our results suggest that these errors are even more likely when traffic is moving. Future research should take this finding into consideration, since traffic accidents account for large numbers of casualties in both the United States and other countries (World Health Organization, 2015) .
In summary, we found that searching moving search displays increases the likelihood of observing SSM errors. Based on our results, this effect is likely due to the additional cognitive resources required to track moving targets. Together, these findings provide further evidence for the resource depletion account, which suggests that SSM errors arise partly from tracking the identities and locations of previously found targets. Our findings also have implications for everyday activities that involve searching for moving targets, such as driving.
